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Human and Animal Contamination

l. BACKGROUND STATEMENT

Bacteria that cause infections in humans and animals are becoming increasingly
resistant to antibiotics. In addition to causing infection, these bacteria can asymptomatically
colonize a host, often in the gastrointestinal tract. As a result, disposal of waste from a colonized
human or animal can become a source of resistant bacteria in the environment. These sources
of contamination will become more important as the problem of resistance increases. Once
resistant bacteria are in the environment, they have the potential to spread to new populations;
colonizing new hosts (humans or animals) and;causing new infections. Of special concern are
resistance in bacteria known to ¢cause human.infections and bactetia carrying easily mobilized
resistance determinants (e.g., resistance genes on plasmids) that confer resistance to medically

important antibiotics.

Human and animal waste can also be a source of medically important antibioticsiin the
environment. If these antibjotics are present and active, they may apply selective pressure on
the microbial population resulting in an amplification of any resistant bacteria that may be

present.

Understanding the risk'to human health from environmental contamination of resistant
bacteria requires further research and data collection in the environment. This work should be
performed using methods and sampling strategies that determine which type of resistance is
present, the quantity of resistant bacteria, the source of contamination (i.e., attribution), and
the extent to which the resistance has spread (or disseminated). Research methods and data
collection should also be suitable to measuring the impact of interventions used to prevent or

remove environmental contamination.

Responding to environmental contamination of resistant bacteria could include
prevention strategies (e.g., treating sewage before it is released) and removal strategies (e.g.,
waste water treatment processes). It is important to understand the effectiveness of existing
practices for waste management and water processing, as well as investigating novel methods

and strategies.
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Il SCIENTIFIC ISSUES

A. Contamination of the Environment

To what extent are human waste or animal waste contaminating the environment with AR
pathogens?

i Hospitals
Locations of greater antibiotic use, especially antibiotics of clinical importance, and/or releases of
potential co-selecting agents deserve particular attention, such as hospitals, clinics, and other healthcare

facilities.

There are four issues that should be considered relative to AR pathogens/bacteria within and released

from healthcare facilities:

1 Antibiotic use and the release AR bacteria and antibiotics in urine and fecal'matterthat enters

the facility wastewater collection system.

2. Presence of AR bacteria within the facility plumbing system, such as sinks, taps and other

sources of water,

3. Clinical waste disposal where appropriate solid waste processing facilities are not available;

and

4. In-house sanitation conditions, which can be particularly problematic in facilities in less

developed counttries or more rudimentary environments,

All these factors impact AR pathogen/bacteria releases in wastewater from a healthcare facility, but
the relative influence of each factor depends on the nature, size, management, and location of the
facility. For example, wide differences exist in the handling and disposal of hospital wastewaters. And,
depending upon the country, healthcare facilities may or may not be required to have their own
wastewater treatment plants. European Directive 91/271/EEC states that hospital wastewater can be
discharged to sewers without further treatment, whereas hospital wastewater treatment is mandated in

India.

It should be noted that the majority of current regulations were developed before the role of
the environment to the global AR problem was known. Therefore, an assessment on whether specific
wastewater treatment should be considered for healthcare facilities as part of a wider strategy to

mitigate against AR pathogen/bacteria in the environment is found later in this report.
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Characteristics of healthcare facility wastewaters

There is evidence that the concentrations of many bacteria are similar in urban and hospital
wastewater, but the proportion of resistant bacteria are higher in hospital effluent. This has been
demonstrated for vancomycin resistant enterococci (VRE), which were significantly more prevalentin
hospital compared to community effluent (Hocquet, 2016; Varela, 2013; Varela, 2015). In Bangladesh,
the prevalence of NDM-1-producing bacteria and bfanom-1 genes in wastewater samples adjacent to
hospitals was significantly higher than in community wastewater samples from the same city (71% vs

12.1%; Islam, 2017).

Antibiotic residue concentrations in hospital effluent have, in some cases, been found to
correspond with the most comman antibiotics used in haspitals, for example, ciprofloxacin use and
ciprofloxacin concentrations in hospital effluent in India were correlated [Diwan, 2010) but the effect of
these antibiotics on E. coli isolates in water was not clear. Furthermore, there is growing evidence that,
although the abiiindance of AR pathogens/bacteria it hospital wastes has been reported to be not more
than ten times higher than community wastes, AR pathogens/bacteria from hospitals tend to carry more
AR genes per cell (Quintela-Baluja, submitted), especially in gram(-) Enterobacterigcege with potentially

promiscuous plasmids.

Stecher (2014) showed that gut inflammation can accelerate horizontal gene transfer (HGT) and
ah elevated potential for HGT may be @ common trait in intestinal pathogens, which may be more
prevalent in hospital wastewaters. Although these data are for a model system, such a trait may further
allow organisms to more readily exchange AR genes to both commensal and environmental bacteria
once they enter the community wastewater stream (Chamosa, 2017). This potentially explains why
multidrug resistance (MDR) organisms sometimes pass through sewer systems and wastewater
treatment plants, and are detected in downstream receiving waters. Therefore, the abundance of AR
pathogens/bacteria may not always be elevated in healthcare facility wastes compared to community

wastes, but the bacteria themselves appear to have levels of resistance and also be more prone to HGT.

The above information is based on limited studies, and as such represents another major
knowledge gap that is central to the debate about whether healthcare facility wastes should be treated
at source or not. There is no absolute proof that greater MDR AR pathogens in hospital wastes pose a
greater risk than comparable organisms from the community. However, evidence hints that such
organisms from healthcare facilities are prone to greater HGT and have higher minimum inhibitory

concentrations (MICs). Therefore, more work is needed to determine the potential risk to health.
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Drivers of AR Pathogens/Bacteria within Healthcare Facilities

Selective drivers of AR in pathogens or commensal bacteria in hospitals include antibiotic use;
the relative health status of treated patient; and opportunities for transmission and exchange of AR
bacteria, genes, and mobile genetic elements among patients, caregivers, and healthcare professionals.
Common multi-drug resistant bacteria recovered from hospital wastewater include ESBL-producing £

coli, vancomycin-resistant enterococci and Pseudomonas aeruginosa (Hocquet, 2016).

Although healthcare facilities are locations of greater antibiotic use (i.e., 20-30% of inpatients in
acute care European hospitals receive antibiotics) (Ansari, 2009), antibiotics themselves are not the only
driver of AR bacteria selection and transmission in facilities. Patients may carry AR bacteria and genes
before entering hospital, acquire them during their inpatient stay, and/or have AR bacteria selected
without their gut or urine as a direct result of antibiotic therapy (Salm, 2016; Weinzarten, 2018). As
such, AR pathogens are often only detected when therapeutic treatment fails or clinical symptoms
worsen. Hence, AR bactetia and genes might be present in the gut of a patient and not detected, and

released in wastewater independentof local antibiotic use {Finlay, 2013).

Similarly, AR genes or bacteria detected in a healthcare facility do not necessarily originate from
within the facility, particularly in locations where background human, animal, or environmental
prevalence of AR bacteria is comparatively high {Graham, 2014). Therefore, ascribing the root cause of
detected AR bacteria in a given wastewater is often hard to achieve; this s a major knowledge gap in

understanding AR in wastewaters from healtheare facilities.

in summary, AR pathogens/bacteria can either be in patient wastes (acquired before or within
the facility) or within the healthcare facility local environment. Regardless of source, antibiotic use
further selects for AR bacteria and genes, which are readily detected in facility wastewaters and often
correlate (Varela, 2014). However, antibiotic use and levels within a facility do not always correlate with
AR bacteria or gene levels in a facility wastewater. This is partly because antibiotics and AR
bacteria/genes have different attenuation mechanisms after release to the environment. Rates of
antibiotic degradation are highly variable and depend on the specific antibiotic and receiving
environment with half-lives ranging from minutes to tens of days (Homem, 2011). The relationship
between antibiotics and AR bacteria/genes also depends on global locations with different

environmental temperatures and different AR colonisation rates within the wider community.

Co-mingling of healthcare facility wastewaters and community wastewaters
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The point of co-mingling between healthcare facility wastes and wastes from the wider
community appears important to the type and nature of AR bacteria that move further downstream in
sewer systems ultimately to WWTPs (Quintela-Baluja, 2018). Bacteria are known to display accelerated
HGT when under stress; therefore, changes in their local habitat influence the rates at which they
exchange genes and evolve, including sharing AR genes. HGT at the co-mingling point in the sewers is
impacted by differences in temperature, the presence of co-selective metals and biocides, and basic

differences among bacteria from healthcare versus community versus environmental sources.

However, there is debate about the relative importance and differences between hospital and
community waste streams (Wang, 2018). Early findings suggest that healthcare-borne bacteria have a
greater potential for HGT and may have selective advantages that enhance their survival in wastewater
treatment, although more data are needed to confirm this observation. A key knowledge gap is whether
bacterial isolates from hogpital wastewaters are fundamentally different to bacteria in community
wastewaters because there is currently no method of distinguishing between isolates from different
sources. This methodological gap makes it difficult to deterimine the specific risk of healthcare facility

wastes.

ii. Human sewage

To what extent is human waste contaminating the environment with AMR?

Human sewage contains pathogenic and commensal enteric bacteria carrying genes for
resistance to antibiotics. Many potentially disease-causing bacteria, including Escherichia coli, Klebsiella
pneumoniae and Acinetobacter baumannii, colonize in the Gl tract of animals and humans and, when
resistant, contribute to AR bacteria in human sewage (Sobsey, 2014). For example, E. coli is of concern
for community-associated antibiotic resistance due to its natural occurrence in humans, animals and the
environment, as well its association with highly transmissible resistant mechanisms such as extended-
spectrum beta lactamase (ESBL) production via blaNDM-1 genes conferring resistance to carbapenems
(Sobsey, 2014). Globally, an estimated 14% of healthy humans are colonised by ESBL-producing
Enterobacteriaceae (ESBL-PE) with prevalence rates as high as 22% in Southeast Asia and Africa
{Karanika, 2016). These and other bacteria contribute to the environmental resistome through their

release into sewage, wastewater and subsequently onto land or surface waters.
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Traditional wastewater treatment plants (WWTPs) are not designed for the removal of antibiotic
resistance genes from human waste and can actually provide favourable conditions for the amplification
of resistance genes through the interaction of antibiotic residues and enteric bacteria via horizontal
gene transfer on mobile genetic elements {Pruden, 2013). Antibiotic resistance genes can persist even in
advanced WWTPs and remain at detectable levels in surface waters receiving the discharge (Singer,
2016). The subsequent introduction of resistant bacteria and genes into recreational and coastal bathing

water increases exposures to humans and wildlife (e.g. shelifish or birds) (LaPara, 2011).

Untreated human waste, therefore, poses a significant risk of resistance transmission in the
environment. The weak sanitation infrastructure in many urban centres around the world means that
only a proportion of human sewage is appropriately treated {e.g. 56% in Delhi, India; 55% in Kumasi city,
Ghana). For example, in Dhaka, Bangladesh, only 1% of human excreta is treated effectively whilst 70%

is discharged directly into the environment (Peal, 2015).

in high-income countries with well-developed sewage infrastructure, the discharge of antibiotics
to the environment is reduced. Within treatment plants, however, microbial communities can be
exposed to higher concentrations of antibiotics. At least 56 antibiotics belonging to six different classes
have been detected at nanagram-per-liter to microgram:per:liter levels in the influent and effluent of
WWTPs in East Asia, North America, Eutope, and Australia, corresponding closely with the most
commonly prescribed antibiotics for human use {Zhang, 2011). Such levels are not considered to present
significant human health risk since they fall well below the therapeutic dose (WHO, 2012). However, in
many LMICs the concentrations of antibiotic residues have not been assessed and may be higher. Recent
studies have demonstrated the surprising environmental prevalence of human waste contamination in
rural areas from sources like septic systems (Verhougstraete, 2015) and in urban areas from sources like

stormwater outfalls {Sauer, 2011).

There are emerging concerns around the use of treated sewage sludge (biosolids), largely
composed of human waste, on agricultural land. Treated sewage sludge in Europe has been found to
contain trace levels of antibiotics, resistance enzymes such as beta-lactamases, as well as ESBL
resistance genes, demonstrating that standard treatment is not sufficient to remove these (Wellington,
2013). There is currently very limited understanding of the downstream consequences of these trace
chemical and biological contaminants, as research in this field is sparse and needs further investigation
of the potential for transfer of resistance to soil bacteria and onward transmission to human-associated

bacteria.
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What strategies should be employed for tracking AR pathogen or antibiotic contamination from each

source?

Human wastes, as well as environmental reservoirs of antimicrobial resistance could be
significant sources for the emergence and spread of resistance, and they need to be better understood.
Priority antimicrobials, resistance genes, and resistant microbes should be identified for tracking
strategies. E. coliis a common sentinel organism for monitoring the prevalence of resistance in humans,
livestock, and the environment, but the priority organisms or genes may vary depending on the focus of
resistance tracking (WHO, 2017). Once these are identified, surveillance strategies should consider

aspects like the temporal and spatial nature of the risk to human and animal health (Vikesland, 2017).

There are a variety of research tools that can form:a toolbox for the detection and source
tracking of antimicrobial chemicals, antimicrobial resistant microorganisms, and antirmicrobial resistance
genes from sources such as human wastes. Some ofithese tools can be applied directly to detection and
source tracking of specific antimicrobial chemicals, antimicrobial resistant microorganisms, or
antimicrobial resistance gene targets. In particular, advances in whole genome sequencing and
metagenomics technologies, both discussed in mare detail below, offer growing opportunities to better
understand the evolution and transmission of antimicrobial resistance, the epidemiology of
antimicrobial resistant pathogens, and the significance of sources of fecal pollution such as human
wastes for the spread of antimicrobial resistance {Martinez, 2017}. Other tools like microbial source
tracking (Harwood, 2014) can be applied indirectly to detect human fecal waste in the environment as
part of multiple lines of evidence to infer the source of antimicrobial chemicals, resistant

microorganisms, and resistance genes.

Where there are risks to human health, animal health or the environment from antimicrobial
chemicals, resistant microorganisms, or resistance genes, environmental surveillance strategies should
consider the need to better characterize aspects like the temporal and spatial nature of risks. An
environmental monitoring strategy based on use of standardized operational methods should be
considered when assessing risk, starting at sentinel or other key sites to enable assessment of longer-
term trends in antimicrobial resistance concerns associated with human wastes and the environment.
Once the risks to health are established, data from research, surveillance and monitoring strategies
should ultimately be used to identify and evaluate interventions and risk management options for

reducing antimicrobial resistance concerns associated with human wastes.
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jii. Animal farms

Are wastes generated or used in agriculture a source of AMR?

Antibiotic resistance genes conferring reduced susceptibility to multiple classes of antibiotics are
abundant in animal, poultry, and fish manures, as well as biosolids that are used to fertilize agricultural
land (Zhu, 2013; Wang, 2017; Muziasari, 2017; Brooks, 2014; Cock, 2014). These occur in the absence of
selection but are no doubt selected or co-selected for by antibiotics and other antibacterial agents (i.e.
metals, biocides and detergents) that are commonly applied in food animal production systems
(Chantziaras, 2014; Hoelzer, 2017; Pal, 2015; Pal, 2017; Hu, 2016; Johnson, 2016). Culture-based and
culture-independent studies indicate that antibiotic resistant genes (ARGs) can be found in bacteria that
are pathogenic for humans, and in non-pathogenic “reservoir” bacteria. Data from the U.S. National
Antimicrobial Resistance Monitoring System (NARMS), a culture-based naticnwide surveillance effort
focused on AR in humans, fresh retail meat products, and food animals, show that resistance in bacteria
causing foodborne iliness has declined ot held steady for over a decade (FDA, 2015). However, NARMS

does not track AR in reservair bacteria.

Antibiotic resistance genes (ARGs) are often carried on mobile genetic elements such as
plasmids that are amenable to horizontal gene transfer. For example, IncA/C plasmids carrying the
resistance gene blaCMY-2  are widely distributed in Salmonella and Enterobacteriaceae in North
American cattle (Mollenkopf, 2017). They may also be transferred via bacteriophage (Mirzaei, 2017).
Once transferred into a bacterium, the genes are spread vertically via bactetial replication. While all
bacterial groups can carry antibiotic resistance genes, some groups (Clostridia) have been identified as
potentially more relevant in terms of environmental transfer and human/animal health (Durso, 2012;

Scott, 2018; Leclercq, 2016).

When antibiotics are administered to food animals, they are generally excreted intact, although
they have highly variable persistence in the environment. Antibiotics have been shown to increase the
incidence of horizontal gene transfer of ARGs in animal intestines (Bearson, 2014; Chambers, 2015).
Those ARGs from livestock and the mobile genetic elements on which they are carried disseminate and
persist on land after manure application (Pornsukarom, 2017). There are concerns that excreted
antibiotics and their bioactive breakdown products provide a selective force for enrichment of
resistance in the soil, and that residue-laden land-applied manures alter the structure of soil microbial

populations in ways different from antibiotic-free manures (Jechalke, 2014; Liu, 20186).
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Are environments exposed to agricultural wastes contaminated with AMR?

The methods of processing agricultural manures vary depending on many factors, including the
specific commodity, the size of the operation, the soil type, and proximity to surface and ground water
{Durso, 2017). In confined production systems, manures may be treated through aerobic (eg.
composting) or anaerobic digestion prior to application. The distribution and abundance of antibiotic
resistant bacteria and resistance genes can be altered profoundly by these treatments; but their efficacy
at reducing environmental exposure is not yet firmly established (Wolters, 2015; Xie, 2016). Soils
fertilized with animal manures or biosolids are enriched in antibiotic resistant bacteria (Pornsukarom,
2016) and resistance genes (Pornsukarom, 2017) compared to soils that do not receive animal manures,
regardless of whether or not the animals have received antibiotics (Udikovic-Kolic, 2014). Once in soils,
either because they are part of the baseline resistome or added via manure application, the genes may
persist even in the absence of direct drug selection pressure (Kyselkova, 2015). Many studies show that
manure amendments lead to increase AMR in the soll, (Cook, 2014; Fahrenfeld, 2014; Marti, 2014;
Williams-Nguyen, 2016; Muurinen, 2017), with the potential to contaminate crops. (Marti, 2013,
Rahube, 2014).

Commercial manute application rates that are.calibrated to crop agronomic needs will entrain
perhaps 108 to 1013 copies of each ARG per hectare (Tien, 2017). Following application, antibiotic
resistance genes can persist for months, but their viability and the impact of key rate controlling factors
such as climate and soil characteristics remains to be systematically defined (Fahrenfeld, 2014; Marti,
2014). In a survey of 40 publications measuring AR genes in agricultural wastewater, when normalized
to the 16S gene, the majority of values fell within the 10-2 to 10-3 range, representing one AR gene for

every 100 to 1000 16S genes in the samples (Durso, 2017).

The detection of carbapenem-resistant bacteria in feces or the production environment of
cattle, swine and poultry is particularly worrisome; widespread human exposure via the environment or
food supply could potentially compromise this critically important class of antibiotics. (Poirel, 2012; Al
Bayssari, 2015; Webb, 2016). Surface and groundwater resources in proximity to livestock production
and areas of manure application are subject to contamination with antibiotic resistance genes. (Chen,
2011; Coleman, 2013). Marine sediments in areas where aquaculture is practiced are enriched in
antibiotic resistance genes and mobile genetic elements. (Gao, 2010; Muziasari, 2016). The additional
burden of ARGs needs to be placed within the context of the environmental resistome that is normal

(Allen, 2010; Cytryn, 2013; Durso, 2014; Rothrock, 2016).
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What strategies should be employed for tracking AMR or antibiotic contamination from agriculture?

There are currently no environmental AMR surveillance initiatives undertaken by any
jurisdiction. Existing AMR surveillance models such as NARMS that focus on specific target bacteria with
clinically-important resistance phenotypes may be inadequate for environmental AMR surveillance.
Research initiatives tracking AMR consist of culture-dependent and independent detection and
quantification of AMR bacteria and gene targets associated with resistance or mobility. It has been
suggested that int1 is a useful indicator of anthropogenic AMR contamination. (Gillings, 2015). Faecal
Clostridium spp. and soil Acinetobacter and Pseudomonas spp. may be important for the spread of
resistance genes. {Leclercq, 2016). Field experiments have evaluated the movement of AMR genes and
bacteria from ground receiving manure to crops (Wang, 2017; Tien, 2017; Marti, 2013; Lau, 2017), as

well as animal.products that might be impacted, such as from aquaculture or game animals.

The environment is subject to fecal contamination from agriculture, humans, and wildlife,
Ascribing the relative importance of pgint or (in particular) non-point contamination sources is a
challenge, particularly in light of natural and baseline levels of AR in the epvironment (Durso, 2014;
Rothrock, 2015). For aquatic envitonments this can be done by georeferencing with land use practice
and intensity, co-localizing antibiotic resistance with fecal:source tracking markers {ie. fecal-source
specific bacteraidales, mitochondria), molecular epidemiology, and modelling source intensity/transport

pathways/persistence. (Teaf, 2018).

Quantitative modelling could clearly play a role in informing and developing policy, both in
terms of general agricultural practise, and in response to specific outbreaks. Quantitative and non-
quantitative risk models are already used for food safety in relation to microbial pathogens (e.g.
Romero-Barrios, 2013). Environmental AR present unique challenges in quantifying direct vs indirect
risk, and navigating the compilexities of the relationship between AR bacteria and AR genes. {Williams-
Nguyen, 2016). More generally, mathematical models can be used for sensitivity analyses in order to
identify those factors through which spread of resistant bacteria and/or resistance genes can be best

controlled {Baker, 2016).

However, there are considerable challenges in developing useful, realistic, dynamical models for
antimicrobial resistance (Zhu, 2017). First, antimicrobial resistance is not a single phenomenon, but
encompasses a wide range of organisms, genes, mobile genetic elements and selective agents; models

will need to encompass this complexity. Second, AMR occurs on a wide range of scales, from gene
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transfer events in single cells, through to major changes in whole ecosystems; models will need to
operate on multiple scales. Third, to calibrate models against real data, there will need to be agreed
standards for data capture and sharing, and the development of global databases for storing such data.
The NARMS efforts are an example of a long-term AR surveillance program with harmonized data
collection and reporting. Given the complexity of environmental AR, a valuable alternative modelling
approach may be to use Bayesian network based methods {(Beaudequin, 2015). Bayesian networks
describe dependences between different outcomes using probabilities, so can model complex
interacting systems in order to quantify risks of adverse events occurring. They naturally allow for
uncertainty and gaps in knowledge, and can also be used to identify critical control points for

interventions.

Overall, an important overtiding question is what methodologies to monitor and track AMR in
the environment will be most informative with respect to informing human and animal health risk, and

benchmarking potential regulatory standards.

B. Impact on Human Health
Once environmental waters are contaminated, what evidence exists that this results in the spread of

AMR resulting in an increased threat to human health?

Data do support an increased tisk to human health or attributable mortality of AMR pathogens
over susceptible pathogens [Roberts, 2009; de Kraker, 2011a; de Kraker, 2011b). However, more
research'is needed to provide estimates'of health impact from exposure to AMR in environmental
sources. Antibiotic resistant bacteria have been detected in environmental waters at exposure-related
sites in different studies (Huijbers, 2015). For example, probable exposure was shown for swimmers to
ESBL-producing Enterobacteriaceae (Schijven, 2015). There are six main routes of transmission of AMR
from environmental waters to humans: ) recreational water, 1l) water used for drinking and washing, 1)
consumable fish and bivalves, IV) produce contaminated with either treated or non-treated surface

water* (Ashbolt, 2013; Huijbers, 2015), V) urban waters, and Vi) wastewater.
Recreational exposure

In 2003, the global burden of iliness both from wastewater release into coastal environments
and acquired by swimming or shellfish consumption was estimated at 120 million cases of
gastrointestinal (Gl) disease and 50 million cases of respiratory disease (Shuval, 2003). A recent

systematic review on health outcomes associated with recreational coastal bathing water exposure in
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Organisation for Economic Co-operation and Development (OECD) countries concluded that there is an
increased risk of experiencing symptoms of any iliness [odd ratio (OR) = 1.86, 95% confidence interval
(Cl): 1.31 to 2.64, P = 0.001] and ear ailments (OR = 2.05, 95% Cl: 1.49 to 2.82, P < 0.001) in bathers
compared with non-bathers. There is also an increased risk of experiencing Gl ailments (OR = 1.29, 95%
Cl: 1.12 to 1.49, P < 0.001) [21]. As the burden of ARB and ARGs increase in wastewater, an increasing

proportion of these infections will be caused by ARB.

Recreational waters {and associated beach sands) are increasingly recognized as a reservoir of
ARB and ARGs, and important in the development of antibiotic resistance in pathogenic bacteria. Below
are studies evaluating antibiotic resistance in recreational waters, which highlight several resistance
genes and organism types found in both fresh and marine waters. However, comparisons between
studies are difficult to make as the geography, ARGs selected for evaluation, sources of fecal impacts,

and methods of determining resistance are highly variable from study to study (Alm, 2014).

Prospective cohort epidemiolagical studies on three California beaches correlated the detection
of a variety of indicators, ARB,.and pathogens with incidence of Gl illness {Griffith, 2016). Methicillin-
resistant Staphylococcus qureus (MRSA) was highly associated with Gl illness, showing a stronger
correlation than EPA’s current culture EPA Method 1600 at the beach where it was measured, which
was impacted by human sewage from faulty infrastructure (Griffith, 2016). This work highlights that
recreators.could in some cases be exposed to MRSA in waters impacted by human sewage. Separately,
the prevalence of S. aureus and MRSA in ten freshwater beaches in Northeast Ohio was evaluated
(Thapaliya, 2017). The overall prevalence of S. aureus in sand and water samples was 22.8% (64/280).
The prevalence of MRSA was 8.2% (23/280). The highest prevalence was observed in summer (45.8%;
55/120) compared to fall (4.2%; 5/120) and spring (10.0%; 4/40). The results of this study indicate that
beach sand and freshwater of Northeast Ohio were contaminated with S. aureus, including MRSA. The
high prevalence of S. gureus in summer months and presence of human-associated strains may indicate

the possibility of role of human activity in S. aureus contamination of beach water and sand.

A case-control study evaluating the risk factors for community acquired ESBL-positive urinary
tract infections (UTI) identified recreational freshwater swimming within the past year as one of several
independent risk factors (OR = 2.1; 95% Cl: 1.0-4.0) (Soraas, 2013). Thus the study suggests swimming
may be a risk factor for intestinal colonization with ESBL-positive E. coli and any subsequent UTlI may be

caused by a newly acquired ESBL-producing strain from the water. However, authors noted this
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particular environmental link needs to be substantiated with more evidence. MDR E. coli were found
omnipresent in surface waters used for recreation e.g. ESBL-producing E. coli. From these data, using a
risk assessment framework, it could be concluded that exposure to ESBL-producing E. coli by swimming
is likely and ingests at least one ESBL-producing E. coli when recreational waters are located
downstream of WWTPs or livestock farms. More research is warranted for the evaluation of public
health effects, such as colonization, infection, or horizontal gene transfer, upon exposure {Schijven,
2015). Attempts have also been made to derive population-level exposure estimates to third generation
cephalosporins {3GCs) resistant F. coli (3GCREC) during marine recreational water use in England and
Wales (Leonard, 2015). Authors estimated the prevalence of the 3GCRECs in coastal recreational
waters, combined the data with the E. coli density from coastal beaches, and applied the information to
ingestion volume estimatés for various recreational activities. Together, the data resulted in the mean
number of 3GCREC ingested during different water sports. Despite a low prevalence of 3GCREC (0.12%),

the authors noted there is a human exposure risk for water users, which can vary by water sport activity.

Additional work has focused.on all ARGs catried by £ coli using a targeted metagenomic
approach, where pooled E. coli isolates from cultutes derived from routine bathing water quality testing
by the UK Enviranment Agency were sequenced and data analysed for presence and relative abundance
of ARGs (Leonard, 2018a}. Using these data, it was estimated that in 2016 in England every bathing
water exposure event invalved ingestion of at least one ARG associated with E. coli and that 2.5 million
exposure events occurred involving ingestion of at least 100 £. ¢oli borne ARGs. Using such approaches,
an exposure risk assessment can be conducted, but health impact assessment is not possible due to a
lack of dose-response data in terms of colonization and/or infection with ARB. For known pathogens
where dose-response data is available, this may be possible but for ingestion of ARG-bearing
opportunistic pathogens or other non-pathogens, the number of bacteria ingested related to the
probability of colonization, 13obilization of ARGs to the gut microbiome, or probability of infection are

unknown.

Finally, efforts have been made to assess risk of gut-colonization in highly exposed coastal
bathing water users, i.e. surfers who ingest large volumes of water. A cross-sectional epidemiological
study was conducted comparing regular surfers and non-surfers to evaluate the association between
water exposure and gut colonization by 3GCEC. Results indicated that 6.3% of surfers were colonized by
3GCEC, compared to 1.5% of non-surfers (risk ratio = 4.09; €1 1.02-16.4) (Leonard, 2018b). Numerous

studies demonstrate that colonization with ARB places humans at increased risk of infection; evidence of
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this relationship is most abundant in healthcare, where attack rates of infection are greater and the time
span between colonization and infection may be quite narrow (Tacconelli, 2009). Given this relationship,
there are important aspects regarding the risk for colonization of the human Gl tract that bear mention.
The first is the natural colonization resistance afforded by the mature human microbiome and how this
is disrupted by antibiotics and other environmental exposures, leaving individuals more susceptible to
colonization by ARB. Thus, hospitalized and recently hospitalized or debilitated patients with chronic
illness are more susceptible to colonization. In addition, infants and young children, due to their
immature microbiome, are an important sentinel population in the community for environmental risks

from AMR transmission.

In addition to the loss of colonization protection from an intact microbiome, ongoing high-level
exposure to environmental ARB may result in transient or apparently persistent colonization—this is
likely the case with the healthy surfers and individuals in the community with ongoing exposure.
Evidence that removal of the ongoing exbosures will result in slow clearance can be seen in healthy
travelers who return colopized from settings where there were, presumably, intense environmental (i.e.
water, food) expasure. This colonization typically ‘elears’ over several months and may be associated
with not only the exposure to the ARB/ARGs but 3 likely micrabiome-distuptive event such as abrupt

dietary and travel related stress changes.
Potable water

Coleman et al. demonstrated that having AMR E. coli in the homeé potable water supply was
independently associated with carriage (Coleman, 2012). Under poor water, sanitation, and hygiene
conditions, AMR can be present in water intended for human consumption (e.g. Walsh, 2011). In regions
under higher hygienic standards, antibiotic resistant bacteria, genes and antibictics have been detected
in source waters for drinking water production. With risk assessment and risk management frameworks
for safe drinking water production in place such as the WHO Water Safety Plans, risks from drinking

water consumption should be controlled, but this should be evaluated [ref].
Fish and bivalve consumption

Antibiotic resistant fish pathogens have emerged in the aquaculture envircnment with evidence
of transfer of resistance determinants to bacteria carried by terrestrial mammals, including humans
(Cabello, 2006). Determinants for resistance to tetracyclines, fluoroquinoclones and beta-lactams are

examples with exchange observed between Aeromonas and E. coli {Cabello, 2013).
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Wastewater

Whilst there are major gaps in the literature with respect to precise measurement of burden of
illness of AMR infections acquired from the environment (Varela, 2013), it is clear that antibiotic
resistance genes find their way into wastewater. This has been demonstrated for extended spectrum §-
lactamases (ESBLs) {Drieux, 2016) and carbapenemase producing Enterobacteriaceae (CPEs) (White,
2016). It is also clear that hospital waste contributes disproportionately to higher concentrations of CPEs
which are predominantly human associated (Lamba, 2017). Wastewater treatment reduces the overall
concentration of bacteria including antibiotic resistant bacteria {ARB) (Karkman, 2017), but some ARGs
enjoy relative enrichment through the process (Mao, 2015). Since reduction of AMR in frequently
applied wastewater treatment processes is limited, wastewater treatment plants (WWTPs) discharge
ARB anhd ARGs in treated wastewater to the environment. Evidence of risk to humans fram the use of
human waste or even evidence of persistent ARBs in fertilized soils is scatce (Bondarczuk, 2016;
Christou, 2017}, but there is a need for more risk assessment of sewage sludge applications in
agriculture. Studies have shown that fruits and vegetables, including those which may be eaten raw, can
be contaminated with 3GL-tesistant Gram-negative bacteria. WWTP effluent and agricultural run-off
enter environmental waters where huiman expostire is possible via drinking water abstraction, crop
irrigation/fertilization with wastewater or sewage sludge through the food chain {Manaia, 2016), or by

direct contact with the environment due to occupational or recreational behaviours.

Concerns about the impact of wastewater on the environment and subsequent risk are
escalated in rapidly developing countries, with less effective regulation of industrial effluent and less
reliable treatment of wastewater. Where there is little or no treatment of wastewater, the
environmental enrichment of ARB and ARGs by feces and sewage is a more serious issue {Fistarol, 2015).
Multidrug-resistant E. coli strains are present in urban aquatic environments, even in countries where
antibiotic consumption in both humans and animals is highly restricted, risk of environmental
transmission must be assumed, even while it is not well quantified (Jorgensen, 2017). There is a concern
about New Delhi metallo-beta-lactamase 1 (NDM-1) exposure through drinking water and/or water

immersion in Southern Asia (Toleman, (2015).
Does the amount or type of resistant bacteria predict increased risk to human health?

The spread of ARB may result in human illness via such virulent waterborne pathogens as vibrio

{Elmahdi, 2016; Poirel, 2005) and aeromonads (Lamy, 2009}, involving primarily the consumption of
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shellfish and direct exposure to recreational water, respectively. However, AMR-conferred threat to
human health more commonly involves opportunistic human pathogens such as Enterobacteriaceae
spp. and non-glucose fermenting gram-negative bacteria (e.g. Pseudomonas, Acinetobacter spp.). While
AMR Staphylococcus aureus (MRSA) transmission may occur at the recreational water interface, it is less
about environmental waters serving as an amplifying or disseminating reservoir and more about a
‘venue’ at which proximate human-to-environment-to-human transmission occurs (Griffith, 2016;
Goodwin, 2012}, along with a potential role for marine mammals to serve as a source for human
infection {(Hower, 2013). In all cases, bacterial density will increase exposure risk and the probability of
reaching an infective dose or a dose sufficient to result in colonization or in mobilization of ARGs to
residents of the gut microbiome. The nature of exposure will also affect dose or number of ARB
ingested with head immersion watér.sports shown to result in much greater exposure than non-head
immersion activities. For example, surfers ingest over 150 ml of water per session, whilst swimmers

anly ingest about 30 ml (Leonard, 2015},

Despite what may be high leyels of ARB in environmental surface and sub-surface water,
hygiene barriers can limit spread from these environmental sources into the four interfaces—and such
hygiene barriers are more available in developed vs. under-developed settings (Walsh, 2011). For
example, recreational water may be either treated to remove ARB or otherwise segregated from other
environmental surface waters that are contaminated. Meanwhile, potable water finishing plants may
use superior methods to remove and deliver ARB-free water at the tap, sewage may be kept from
fisheries and bivalve sea beds, and only relatively uncontaminated water may be used to irrigate
produce. Commonly, risk assessment and risk management frameworks are used to protect consumers,
such as HACCP, bathing water profiles, and water safety plans. Such frameworks should be evaluated
with respect to their value to avert AMR spread and emergence. Nonetheless, high levels of ARB
contaminating environmental surface waters may result in gradients of relative contamination that
make resisting the downward flow of ARB from environmental surface water to humans more difficult

to overcome using hygienic barriers.
How does the interaction between bacteria and antibiotics impact AMR?

It is becoming clear that there is much more research needed to be done before we fully
understand selection for AMR in environmental, animal, and human microbiomes. It also still remains to
be determined what contribution to selection for AMR in the environment antibiotic residues make

relative to other bioactive compounds, such as metals and biocides (Gaze, 2005; Gaze, 2011, Song,
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2017). Traditional thinking defines the “selective window” where antibiotic resistance is favoured over
susceptibility as the concentration range between the minimum inhibitory concentration (MIC) of a
susceptible strain {MIC;..c) and the MIC of a resistant strain (MIC...}. However, there is increasing data
showing that even below the MIC,.., resistant strains maintain a relative advantage to survive over
susceptible neighbours {Gullberg, 2011). The lowest concentration where this phenomenon is still
observable has been termed the minimal selective concentration (MSC). If MSCs are above
environmental antibiotic concentrations, then there is a potential for selection for AMR to occur. Efforts
have been made to assess the MSC of a range of antibiotics in single species in vitro experiments,
showing that the MSC can be significantly lower than the MIC, in some cases >100 times lower. For
example, the MSC for ciprofloxacin, an important antibiotic for human health, was shown to be as low
as 100 ng/l,.which is well within the range of measured environmental concentrations. For other
antibiotics, the MSC is significantly higher, and the ratio of MIC to MSC is dependent on resistance
mechanism (Gullberg, 2011). Subsequent work by the same authors has shown that plasmid medijated
resistance has a higher fithess cost and associated MSC than the same mechanism in a chromosomal
location and that mixtures of antibiotics and antibiotics and other bioactive compounds such as metals
can have additive or synergistic'effect (Gullberg, 2014). Efforts have been made to estimate MSCs in
camplex microbial communities, giving improved ecological realism over the single species experiments.
This was attempted for tetracycline in a freshwater biofilm, reporting an M5C of 1 pg/L (Lundstrom,
2016), although it is not clear if positive selection was observed ar increased persistence (differential
rate of negative selection}. Further work has attempted to estimate the upper boundaries of MSCs
based on MICs and then to apply an assessment factor to generate predicted no effect concentrations

(PNECs) for a range of antibiotics, ranging from 8 ng/L to 64 ug/L (Bengtsson-Palme, 2016).

Future research needs

The following research topics on the impact of AMR in the environment on human health are
recommended for prioritization:

e Existing hygiene, sanitation and other intervention measures and risk management frameworks
to control infectious diseases should be evaluated for their efficiency in reducing the emergence
and spread of AMR;

e Studies in travelers to new environmental (i.e. water and food) exposure settings—detailed
food, water, and recreational exposure histories, microbiologic sampling of these environmental
exposures, and assessment upon return for colonization with ARB and ARG are required;

e Additional ambient recreational water epidemioclogy studies evaluating gut colonization and
skin, ear, and eye infections;
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e The risk posed by ARB bearing ARGs discharged into the marine environment should be assessed
through longitudinal surveillance of resistance in human isolates of important marine pathogens
such as Vibrio species;

e Full plasmid sequencing in wastewater microbial communities and in pathogens isolated from
people may provide sufficiently granular analysis both to establish linkage and to infer
directionality of transmission and may be an important target for research funding;

e Development of microbial risk assessment models to better understand AMR risks associated
with various exposure routes and fecal sources {animal versus human sewage, point versus non-
point) are required;

e Better understanding of selective potential of environmental residues of antibiotics and co-
selecting compounds such as biocides and metals;

e Better understanding of the role phage plays in the transfer of resistance genes.

*Although other food forhuman cansumption (i.e. meat and aquaculture fish} may also be directly
contaminated through water Use, becatise of the major risk of AMR determinants from the
animal/aguaculture use of antibiotics, it is difficult if not impossible to distinguish the roles of animal
{fecal) sources of AMR determinants from the envircnmental water source itself. Although AMR
determinants in environmental water may also serve as the direct or indirect source of transmission to
food-producing animals and aquaculture, and then via the food supply serve as source for humans, this
review does not include such indirect causality.

Conclusion

With respect to risk assessment of the threat to human health posed by ARB and ARGs, it is
important to remember that microbial communities are in a dynamiic evolutionary state and that such a
task is extremely complex (Ashbolt, 2013}, A current absence of evidence or existing low risk should not
reassure us about current or future risk. Absence of evidence is not the same as an absence of risk, and
to a great extent reflects the small number of studies that have locked at the environment/human
interface in the context of exposure, colonization, and infection by AMR pathogens. Environmental
pollution containing bacteria, pharmaceutical, and personal care products are likely to pose a risk to
human health in terms of opportunities for driving recruitment of novel ARGs to human and animal
associated bacteria from the environmental resistome and in terms of acute exposure and infection risk
to humans through environmental transmission pathways. Furthermore, continued natural selection in
the presence of microbial and chemical pollution will almost certainly increase concentrations of ARB
and ARGs over time, and one would expect a dose-response relationship with health risk. We must also

consider that risks from wastewater could increase with climate change (Sterk, 2016).

C. Measurement

How should the presence of AR pathogens in the environment be measured?
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Methods for detecting and enumerating AR pathogens and genes

Many methods are available for the detection of AR pathogens and genes in environmental
samples {Table 1). As these methods vary in sensitivity, cost, and technical requirements, different
applications will be best served by different approaches. Advantages and limitations of each method are

described below.

Table 1. Major methods for the detection of resistant pathogens and resistance genes.

Method Target Benefits Limitations Cost Technical
requirements
Laboratory Pathogens Quantitative; Limited to Low Low
culture can.have high culturable
sensitivity; grganisms
detects
phenotypic
resistance;
determines MIC
Whole genome Pathogens Can detect all Must culture Medium High
seqguencing known organism first;
resistance cannot predict
genes, Links MIC
resistance gene
to host organism
gPCR Genes Culture not Limit of Medium Medium
required; detections
guantitative vary; limited
number of
targets; does
not link gene to
host organism
Metagenomics Genes Can detect all Limit of High High
known detection
resistance unknown; does

genes; culture
not required

not reliably link
gene to host
organism

ED_014011_00000065-00021



International Envivonmental AMR Forum - Draft report

Culture-Based Methods

Microbial culture, whereby microorganisms are grown and counted in the laboratory, has
historically been the gold-standard approach to AR detection. Broth microdilution is the preferred
method to determine whether an isolate is susceptible or resistant to a given drug; this is defined by the
minimum inhibitory concentration {(MIC) towards that drug. Standardized protocols, as well as cutoffs
for assessing resistance or susceptibility, are available. MIC determination also allows monitoring of
step-wise increases in resistance {‘MIC creep’) that may be missed with methods that return only
susceptible/resistant determinations. However, MIC cutoffs to determine susceptibility are based on
clinical treatment outcomes and may not be appropriate for environmental monitoring. The use of
epidemiological cutoffs (ECOFES) based on population MIC distributions or ecological cutoffs based on
arithmetic MIC distributions have been suggested (Martinez, 2015). Alternatively, disk diffusion is a
simpler method that can be used to determine resistance and estimate MICs, but it with less precision

than broth microdilution.

Culture:based methods are the gold-standard approach to AR detection because they are
inexpensive, quantitative, and easily transferred from ¢liical settings. Culture-based detection of
antibiotic resistance in environmental samples uses a variety of selective or screening media to isolate
the bacteria of interest. Cammercially'available media exist that target a wide variety of bacteria,
Equipment requirementsiare minimal, making this approach well suited to low resource settings. In
contrast to molecular methods, culture-based detection ensures that the bacteria detected are viable
and meet regulatory cutoffs for resistance. AR bacteria can be isolated directly from samples by
including antibiotics in the selective media, and, if parallel tests are conducted without antibiotics, this

will allow estimation of the proportion of a bacterial community that is resistant.

However, culture-based approaches have substantial limitations for environmental
microbiology. Most bacteria cannot be cultured in the lab, a limitation that is particularly profound in
environmental samples (Hugenholz, 1998; Staley, 1985), and many bacteria can enter a state where the
microbe is alive but does not multiply under environmental stress. For bacteria that can be cultured, the
process can be time-consuming, requiring long incubations, multiple steps, and confirmatory analyses.
Sample storage method and duration can strongly influence recovery and quantification of the target

organisms. Perhaps the greatest limitation of culture-based methods is that they are not high
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throughput. Drug-bug combinations to test for resistance must be assessed independently, and diversity

measures are limited by the number of isclates selected for further characterization.
Molecular methods

Molecular methods are used to characterize bacterial isolates {commensals and pathogens), and
to detect, enumerate and track antibiotic resistance genes from environmental samples (soil, water,
manure, insects, etc.). Targets include antibiotic resistance genes themselves, as well as genes like

integrase that are associated with the exchange of genes between bacteria.

The polymerase chain reaction (PCR) is the foundation for many molecular methods. Standard
PCR methods are able to provide presence/absence information for a target gene, but do not provide
information on what proportion of a sample is resistant {enumeration). If well designed, they are
robust, economical, and easy to use {Storteboom, 2010}. Quantitative PCR {qPCR) assays allow for
enumeration of the target, but struggle with issues related to limit of detection (the lowest quantity of
the target sequence that can be identified in a sample}, particularly for environmental samples that have
many inhibitors and low quantities of the target gene. Furthermore, qPCR methods dre more expensive
than standard PCR, and rely on corriparison with a standard to enumerate, making it difficult to compare
data between lgboratories. Howevet, the value of quantitative data for evaluating impact of
management practices on AMR makes gPCR a comimon choice for studies evaluating AMR in a field
setting (Giaham, 2016; Tien, 2017). Commercial companies are using the gPCR platform for products
designed to quantify multiple ARG targets simultaneously in 96- or 384-well formats (Agga, 2015:
Karkman, 2016). As with individual qPCR assays, limit of quantification can be an issue, particularly
because reactions cannot be individually optimized for each individual target. Alternatively, droplet
Digital PCR (ddPCR) uses new technology to aerosolize a sample into thousands of individual droplets,
which are individually assayed for ARGs using standard gPCR methods (Cave, 2016). It eliminates the
limit of quantification issue of qPCR, and is more accurate than gPCR, but expense, complexity of assay
development, and accessibility have limited its widespread use for measuring resistance in

environmental samples to date.

A second set of molecular methods relies on DNA sequencing. In amplicon sequencing, a single
gene — often the 16S rRNA gene, is amplified using PCR, and all of the resulting amplicons are sequenced
— capturing the many varieties of the gene in the sample. Functional genes, such as antibiotic resistance

genes (ARGs) can also be targeted. A second sequencing approach that incorporates an initial PCR step is
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epicPCR, which allows for sequencing whole communities in a way that links the 165 and AR genes for
each cell, allowing attribution of the resistance to a specific bacterium. The method was designed to
address questions in microbial ecology, and has been demonstrated to work in environmental samples

(Spencer, 2016).

WGS and MALDI-ToF MS are molecular approaches to AR determination in bacterial isolates.
WGS can be used to detect known AR genes in isolates and the predicted resistance has been shown to
correlate well with phenotypic resistance in clinical isolates (McDermott, 2016; Tyson, 2016; Tyson,
2015; Zhao, 2016). WGS is now commonly used for public health AR surveillance efforts (McDermott,
2016), but its accuracy has not been evaluated for environmental bacteria. Currently, WGS is only able
to determine whether resistance genes are present, and not the level of resistance, though methods to
estirnate MICs from WGS data are beirig developed (Nguyen, 2018). Moreover, WGS can only detect
known resistance genes. WGS does provide information on genetic mobility of antibiotic resistant genes
[ARGs), as well as ARGs that are genetically linked, which can be critical for determining the risk of
horizontal transmission of ARGs. MALDI-ToF MS is & quick and reliable approach for bacterial
identification, even for hard to culture organisms (Biswas, 2013). Test modifications have been
developed to improve sensitivity and accuracy of MALDI-ToF S, for example to detect AR phenotypes
by detection of AR proteins, modification or breakdown of the target antibiotic, or inhibition of bacterial
growth in the presence of antibiotics (Biswas, 2013; Choquet, 2018; De Carolis, 2017; Idelevich, 2017;
Miltgen, 2018: Oviano, 2017).

Molecular methods are faster than culture-based methods, and can detect the presence of ARGs
even in bacteria that are difficult to culture in the lab. A recent review highlights the strengths and
weaknesses of molecular methods, specifically as they relate to measuring antibiotic resistance in
environmental samples (Luby, 2016). Although presence of the target gene generally classifies a sample
as having resistance, it is important to note that detection of the gene is not equivalent to resistance as

defined by clinical standards (CLSI, 2018; Standards, 2006).

Metagenomics

Here, we reserve the term “metagenomic” to refer to high-throughput methods that sample all genes
{or proteins) in a community without the need for laboratory culture. Broader uses of this term in the

literature, for example to refer to community 165 sequencing for taxonomic purposes, are not included
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here because they do not identify AMR genes or pathogens. Currently, there are at least three broad
classes of metagenomic methods that can be used to detect AMR genes in environmental samples:

classical metagenomics, meta-transcriptomics, and meta-proteomics.

In classical metagenomics, total DNA extracted from an environmental sample is sequenced
extensively. Resistance genes in that environmental sample can be then be identified based on
sequence similarity to known ARGs. This approach has been used to detect ARGs in a range of human-
and animal-waste samples, including sewage and waste water (Bengtsson-Palme, 2016; Guo, 2017,
Yang, 2014), hospital waste (Froes, 2016), animal and human faeces (Munk, 2017; Petersen, 2015), and
in the guts of farm animals and humans {Auffret, 2017; Fitzpatrick, 2016; Thomas, 2017).

Similar in conceptito the:meta-genomic approach; ARGs can be inferred from:the presence of
their mRNA ot protein products in'a sample. “Meta-transcriptomics” refers to'the 'deep sequencing of
RNA molecules in a community sample, while “meta:proteomics” refers to high-throughput detection of
proteins in an environmental sample by mass spectrometry. These approaches have the benefit of
showing that ARGs are expressed in a sample, whereas classical metagenomic methods demonstrate
only their presence. Furthermore, expression of ARGs may indicate that resistant cells are living in a
sample, whereas classical metagenomic methods may.detect DNA from dead cells. The use of these
methods for ARG detection is still in its infancy, but proof-of-principle for meta-transcriptomics was
provided by Versluis et al. who detected ARG expression in a variety of environmental datasets,
including human and animal guts (Versluis, 2015). Rowe et al. compared meta-genomic and meta-
transcriptomic analyses of ARGs in hospital effluents, and found close agreement between the two

methods (Rowe, 2017).

The main benefit of metagenomic methods is the ability to detect many different ARGs in a
sample — whereas PCR-based methods require a separate test for every ARG of interest. All ARGs
present in a sample {above the limit of detection) can be detected in a single metagenomic sequencing

run.

Several limitations remain for metagenomics: these methods are expensive, and quantification
is limited to proportions rather than absolute numbers of resistant organisms. Sensitivity can be limited
and may vary significantly, because reads from ARGs are only a small proportion of the total number of
reads (Fitzpatrick, 2016; Vikram, 2017); targeted metagenomic approaches may help to address this

issue (Lanza, 2018). Consistency between labs is an issue that needs to be addressed if metagenomics is
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to be used widely for surveillance, because variation in any step of the process from DNA extraction to
data analysis can lead to different estimates of ARG abundance (Knudsen, 2016; Albertsen, 2015).
Moreover, assigning a given ARG to a specific host organism is difficult, particularly for plasmid-borne
genes (although cross-linking methods provide a possible solution), and this may be problematic for
epidemiological investigations. Additionally, the level of taxonomic identification (i.e. family, genus,
species, strain, etc.) for bacteria in the sample is limited by the sequence databases used for analysis.
Reliable identification of bacterial species is not possible with the current databases (Bengtsson-Palme,

2017).
Functional genomics

Despite the benefits offered by meta-‘omic strategies, they can only. detect-known resistance
genes (or proteins). They will fail to detect novel resistance genes that have little resemblance to
previously identified ARGs, and may misclassify genes that have acquired activity against new drugs

{e.g., the acquisition of quinolone activity by aminoglycoside acetyl transferases (Robicsek, 2006)).

Novel ARGs can be identified using functional genomic approaches [feviewedin (Mullany, 2014,
Dos Santos, 2017}). Here, fragments of genomic DNA from an environmental sample are cloned and
expressed in a convenient host, typically E. coli. Transformed hosts can then be screened for resistance
to an antibiotic ofinterest and the resistance géne identified by conventional sequencing. Functional
zenomicdpproaches have been used to identify novel ARGs in a wide vatiety of environments (Allen,

2009 Donato, 2010; Marathe, 2018; Sommer, 2009; Uyaguari, 2011).

While functional genomics is a powerful tool for identifying new ARGs, it is unlikely to be useful
in general surveillance. The time and effort required to process a single sample is substantial, and the
use of a single host species {e.g., E. coli) limits the number and type of ARGs that can be detected in a

given experiment.

Do methods differ if testing for attribution (e.g., tracking resistant pathogens to a source like hospital,

septic systems or farms)?

It is sometimes necessary to track a resistant pathogen, or a resistance gene, to a specific
source, such as a hospital or a farm. Such epidemioclogical investigations require methods with a high

degree of resolution — that is, the ability to distinguish between closely related genes or pathogens.
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WGS of bacterial isolates is the gold-standard for attribution — indeed, because the entire
genome of each organism is sequenced, WGS represents the upper limit for detecting variation. Even in
pathogens with little overall diversity, isolates can be grouped on the basis of a few shared sequence
variants, making this a powerful epidemiological approach. WGS of foodborne pathogens is now routine
for the US FDA and CDC and the Canadian CFIA, and is used regularly in epidemiological investigations of
foodborne pathogens in North America (and Europe?). Similar methods could be readily applied to

environmental samples, with the caveat that bacterial isolates are required for standard approaches.

Technical and/or financial considerations may limit the use of WGS in some situations, in which
case other techniques may assist in attribution. Multi-locus sequence typing (MLST), for example,
involves PCR amplification and sequencing of multiple genes from an isolate, and has a long history in
molecular epidemiology [49]. Similarly; pulse-field gel electrophoresis (PEGE), whereby isolates are
grouped based on patterns of DNA cleavage, can help to establish relationships between strains. MLST,
PEGE, and other methods have lower resolutions than WG5S, and thus may not allow for positive
attribution. This is particulatly a problem in bacterial species or serotypes that harbor low levels of

sequence diversity.

Metagenomic data may be useful for attribution; particularly when a resistant organism is
difficult to culture, or when a resistance gene rather thah a'patticular pathogen is the focus of an
investigation. The use of metagenomic data for attribution is subject to the limitations described above;
recent studies suggest metagenomic data do have promise in epidemiolagy. Proper attribution and
tracking for ARGs may require targeted sequencing of plasmids, which are often lost during

metagenomics assembly.
Can these methods be standardized and used to monitor the impact of mitigation measure?

For culture-based methods, there are already well-formulated standard procedures for
measuring antibiotic susceptibility. Culture-based methods are widely used to monitor the impact of
mitigation measures in clinical and agricultural settings, such as the effects of antibiotic restriction
protocols in animals and humans. Molecular typing of cultured isolates, such as MLST or WGS, is
increasingly used to provide additional epidemiological data, and standardized methods are available for
clinical use. The same approaches could readily be used to monitor the impact of mitigation methods in

environmental samples. Culture-based methods are most appropriate when one or a few specific
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bacterial species are to be monitored; generic E. coli are often used as an indicator organism for levels of

resistance in the overall community.

In other cases, there may be an interest in monitoring the overall pool of ARGs and/or resistant
organisms, necessitating the use of molecular or metagenomic methods. Currently, there are no widely-
used standard procedures for the use of molecular or metagenomic methods in monitoring. PCR-based
methods are readily standardized and very common in clinical diagnostics. However, there are no widely
accepted PCR-based techniques for detecting ARGs in environmental samples, likely due to the difficulty
in developing a method that will work in all {or many) matrices and a lack of consensus for which ARGs
should be targeted. Metagenomic studies are highly sensitive to variations in protocols. Differences in
DNA extraction technique, sequencing platform, and bicinformatic pipeline can have substantial effects
on the outcomes of metagenomic analyses. Developing a standardized protocol for metagenomics
analysis is challenging at this time due to limited validation of metagenomic methods and the rapidly
changing technology. Further work on developing standardized qPCR and metagenomic pipelines, as

well as reference materials, will aid in culture-independent manitoring.

D. Mitigation
What mitigation methods are effective in preventing contamination of the environment or decreasing

the amount of AR pathogens in envitonmental waters?

A myriad of mitigation options exists for preventing and-ar reducing the amount of AR
pathogens/bacteria in the environment; ranging from non-technical solutions that reduce/alter
antibiotics use and “pollutant management” to high technology options, such as advanced oxidation and
tertiary wastewater treatment. The same types of mitigation options apply to human and non-human
mammalian {(animal) wastes, although interventions and technologies used for animal waste streams
tend to more rudimentary than those for human systems. This section primarily focuses on mitigation as
it relates to human systems, partly because more information is available. However, technologies are
similar to animal systems and to combat environmental AR, mitigation solutions must be holistic,
following a One Health ethos that combines non-technical and technical solutions within both a human

and animal context.

What are we mitigating against?

When considering mitigation methods, one must first define what one is mitigating against. The primary

goal is to reduce human exposure to human AR pathogens as they directly impact less-treatable
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infectious disease. However, one must also mitigate against AR commensals and environmental
bacteria, and phage vectors that may carry and potentially share antibiotic resistance genes (ARGs) with
pathogens, creating “new” AR pathogens of human health consequence. Evidence suggests that
mitigation also should target ARGs themselves, either as free DNA, associated with phage, mobile
genetic elements (MGEs), or within cultivable and uncultivable bacteria in the natural environment.
However, debate exists about relative importance of ARGs in the environment alone as an explicit driver
of AR pathogens. Recent work has shown horizontal gene transfer can occur between bacteria from
environmental and hospital habitats with limited fitness costs [Chamosa 2017]. Although this potentially
explains the evolution of acquired AR in some pathogens, it does not confirm rates or practical
prevalence. Regardless, ARGs and MGEs clearly can indicate waste exposures and, in turn, the potential

for AR pathogens in environmental reservoirs.

General mitigation approgches within g global context: Tiered solutions?

Mitigation methods for reducing the amount of AR pathogens/bacteria in the environment
include non-technical and technical aptions, which range in applicability depending available resources
and cultural context of the interventions. However, no single mitigation method has proven to be
successful. Specifically, all evidence suggests that managerial interventions [e.g., use less antibiotics)
without paralle] technical interventions (e.g., enhanced waste treatment] or vice versa will not reduce
environmental AR levels, especially in 80% of world where waste treatment functionally does not exist
[Graham et al. 2014]. This statement halds true for both animal and human AR-related mitigation
options, further suggesting a One Health approach is critical to global solutions. Specifically, growing
evidence suggests that AR microbes can move rapidly across continents due to wastewater, tourism and
trade [Zhu 2017]. As an example, class 1 integron abundances are increasing across the natural
environment [Gillings 2015], a gene element that can enable bacteria to capture and transmit AR genes.
However, genetic analysis suggests this gene may have arisen from a single cell in the early 20" century

[Gillings 2014], implying the rate and scale of global spread.

Within this global context, possible mitigation methods are tiered, based on the expense and
relative efficacy of each option, although limited information exists on the relative effectiveness of some
options in terms of reducing AR pathogens, bacteria and-or genes in the environment (see later).
Overall, more prudent antibiotic use is essential on global scales, but how improving use is best coupled

to other interventions depending upon resources and context. General mitigation options include:
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1. Social, behavioural and managerial interventions, such as more prudent antibiotic use, but also
the promotion of altered human or animal behaviour to reduce untreated fecal releases directly

to the environment, such as open defecation [Ahammad 2014].

2. Parallel managerial interventions, such as reducing pollutant releases at source that might
promote co- and cross-resistance in AR bacteria (reduce heavy metal and biocide releases to the

environment) [Pal 2015]
3. Implementation or improvement of local wastewater management that spans:

a. Provision or placement of toilets (even without treatment) in homes, communities and-

or strategic locations to reduce open defecation;

b.. Provision of “local’, decentralized wastewater management options that will delay fresh
fecal mattet entering enter receiving watets (e.g., portable toilets) or toilets connected

to minimal local “treatment” (e.g., septic tanks, soak-ways};

c. Provision of sewer cgllection systems that carry community and other wastewaters to a
centralised treatment facility, which includes primary, secondary (biological), and-or

tertiary tigatment.

d.: Provision of sewer collection networks that include targeted pre-treatment for wastes
from selected critical sources {e.g., hospitals, manufacturing facilities etc.), which would

reduce the AR burden on central wastewater treatiment systems.

e. Provision of sewage collection and treatment networks, which also provide more

stringent treatment and-or processing of wastewater biosolids.

f.  Provision of sewer collection systems with local pre-treatment and centralised
community wastewater treatment, but then additional post-tertiary treatment that

might ultimately allow for water reuse.

Many other variations exist and also combinations of the above with preferred mitigation options in any
scenario being based on available resources. As an example, in “Least Developed Low-to-Middle-Income
Countries (LMICs; OECD, 2018]”, viable options for reducing AR pathogens/bacteria in the environment
might be better control of antibiotic use combined with increased toilet access and improved rural and
decentralised treatment. Conversely, in more developed countries where water reuse may be critical

due to scarcity, layers of waste treatment may be needed, ranging for tertiary treatment options for
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wastewater itself to advanced water treatment processing prior to reuse. Current options for reducing
AR loads to the environment in most LMIC countries are limited and do not differ from typical
management interventions in animal operations in the developed world. Therefore, much can be
learned by co-examination of AR reduction methods across contexts to developed holistic solutions of

global relevance.

Evidence of mitigation options for reducing AR pathogens/bacteria in the environment

There is growing data on the relative effectiveness of different mitigation methods for AR
removal, especially for secondary and tertiary wastewater treatment. However, there also is
considerable contradiction across the literature about the “best” options. Further, there are some
migration methods, partictilaily ore rudimentary options, such as septic tanks aiid other decentralised
options, where almost no data exists on mitigation potential. Beyond this major knowledge gap, much
information on AR mitigation is too observational, tending to overly emphasise antibiotic resistance
sene (ARG) abundances (easy to quantify using methods such as quantitative Polymerase Chain
Reaction; qPCR) rather than AR bacteria, including pathogens, which demands more labor and expense
because of the wide array of potential targets. As siich, details on removal mechanisms within most
technologies are poorly understood, especially rates and extents of horizontal gene transfer in
treatment processes and also within receiving waters. Finally, what happens to ARGs and AR bacteria
within the biosolids stream is less studied, both in terms of biosglids processing technologies or AR fate
in biosaolids released to scils in the enviranment. This may be an important, but less understood,

pathway for human exposure through food and releases from fields to receiving waters.

Within this context, what is known and-or can be achieved in different technical mitigation options as

follows:

1. Altered use and tighter antibiotics control - Reducing antibiotic use clearly can reduce
environmental AR. A good example is when Denmark stopped antibiotic and biocide use for
growth promotion in agriculture in the 1990s, which resulted in significantly reduced AR
bacterial [Aarestrup 2001] and ARG levels in previously impacted agricultural soils [Graham
2016). However, data are less conclusive for most scenarios, which is a key knowledge gap
regarding mitigation; i.e., how much less use is needed to reduce environmental AR levels and,
in turn, human risk? Recent work by Singer’s group suggested antibiotic use might need to drop
by over 80% to reduce AR exposures in the environment to “non-risky” levels [Singer 2017]; a

reduction is use that might compromise health care efficacy. Therefore, altered use must be
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coupled with “smarter” waste treatment, including targeted treatment with particularly

effective technologies at points of greatest antibiotic use and-or of ARG and AR bacteria release.
Greater control over antibiotic use for non-therapeutic purposes also must be imposed at global
levels as evidenced by recent reports of highly elevated carbapenem and colistin resistance due

to colistin use as a food additive in Indian agriculture [Davies and Walsh 2018].

2. Septic tanks, soak-away etc. — There is almost no data on the mitigation value of sub-secondary
treatment waste management technologies and there also is dearth of affordable and available
small-scale treatment options. One example is denitrifying downflow hanging-sponge (DDHS)
reactors that can reduce AR genes and bacteria by over 90% at small scales and for almost no
energy cost [Jong et al. 2018]. However, this is only one example and there is a broad lack of
available technologies, which is a major gap in mitigation. This is globally relevant because such
“minimalist” technologies may be the only option for removing AR genes and bacteria from
wastes in most of the world in the foreseeable future, For compatison, preliminary data hint
that septic tanks can reduce ARGs and AR bacteria by up to 50% if they are well-maintained.
Therefore, this may be the “mmost minimal? option. However, regular maintenance is not always
provided, resulting in AR releases from septic tanks to the envirohment with functionally no
treatment [e.g., Gtaham 2011}, It should be noted this is hot just an emerging world problem,

but also exists in the rural US'and other developed countries [Wedgeworth and Brown 2012].

3. Conventional secandary wastewater treatment — Wastewater treatment plants (WWTPs)
employ various treatment steps. Initial screening and primary sewage settling remove inert and
biological solids, including AR bacteria within the readily settable solids. Removal versus passage
of ARGs and AR bacteria after primary settling depends on the technology used in biological
treatment step. Biological treatment is intended to remove soluble organic matter; i.e.,
microorganisms grow on that matter, including organisms from the original wastes and also
organisms enriched in the process. After treatment, this mixed microbial community is
separated by secondary settling (or sometimes by filtration) from the liquid stream, creating two
effluent streams; i.e., supernatant liquid effluents and biosolids, which are processed separately
(see section 6). Therefore, AR bacteria and ARGs go through different processing steps and,
depending on each step, differential removal occurs of the AR bacteria [Al-Jassim 2015}, ARGs
[Christgen 2015] or other AR carriers, the remaining fractions being disseminated to the

environment [Zhang 2017], either through the liquid and solid effluent stream.
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Biological treatment steps range from suspended floc {e.g., activated sludge) treatment to
attached biofilm processes to mixed or more complex aerobic and anaerobic stages. Removal of
bacteria in conventional biological treatment is around 90%, whereas the fate of specific AR
bacteria and ARGs is more varied, depending upon the reactor type, oxidation-reduction
conditions, the nature of the sewage and other factors. Up to about 99% removals can be
achieved in secondary treatment for ARGs in liquid effluent, although this does not account for
ARGs and AR bacteria separated into the biosolids stream. In general, there is concern that
influent bacteria, including pathogens, and ARGs in the presence of residual metals and
antibiotics in the wastes, might promote elevated horizontal gene transfer ARGs within
biological treatment systems. Although there is some evidence this occurs, rates of gene
tkansfer in activated sludge appear to be relatively low [Munck 2015], although miuch more
work is heeded to confirm too what extent and between whom gene transfer occurs in
treatment processes. This knowledge is needed t6 make WWTPs g5 effective as possible at
reducing AR bacteria and genes from wastes,

Although debate exists about the importance of gene transfer, ARG fate and AR bacterial
selection in treatment processes, such processes are essential to human and environmental
health. Growing evidence suggests a major reason why AMR is increasing on global scales js due
to the wide lack of secondary level treatment in most of the world (rather than weaknesses in
existing technologies). This does not mean current biological treatment options are perfect
because there is evidence specific types of resistance can be preferentially selected, such as
multi-drug resistant phenotypes and genotypes [Czekalski et al. 2012; Yang et al. 2013). There
also is strong evidence that a small sub-fraction of AR enteric bacteria that enter WWTPs in the
wastes, including pathogens, selectively survive our current secondary treatment systems
{Quintela-Baluja 2018). However, underpinning reasons for this require further investigation.
Process modifications and retrofits of existing WWTPs are being developed to address these
weaknesses to improve the ability of existing WWTPs to reduce ARB and ARG releases. For
example, sequencing anaerobic-aerobic bioreactors have been shown to reduce ARG diversity
and abundances in treated effluents by 60% [Christgen 2015]. Further, membrane-separation
technologies (MBRs) have shown particular promise at ARG and AR bacteria removal [Harb
2016], and source pre-treatment prior to release to sewers might also be effective at removing
organisms particularly capable of horizontal gene transfer prior to entering WWTPs (e.g., see

section on hospital emissions).

ED_014011_00000065-00033



International Envivonmental AMR Forum - Draft report

4. Tertiary wastewater treatment - Tertiary treatment options for secondary WWTP effluents
include the use of disinfectants and other oxidants and various filtration or membrane options.
Chlorine disinfection can achieve approximately 99% removal of bacteria {also assuming AR
bacteria) using typical chlorine doses and contact times However, AR bacteria appear slightly
less susceptible to chlorination and higher doses may be needed [Munir 2011]. Although higher
doses may improve AR bacteria reduction, such doses may generate higher levels of potentially
carcinogenic disinfection by-products [Garner 2016; Zhang 20171, which is a particular concern

for potential water reuse.

Ultraviolet (UV) disinfection is an alternative to chlorine because it does not generate
disinfection by-products. Doses between 5.0 and ~200 mJ/cm? are typically used to inactivate
microbes in normal disinfection and doses between 10 to 20 mJ/cm” have be found to inactivate
over 99 9% of the AR bacteria [McKinney and Pruden, 2012]. However, ARGs appear less
susceptible to UV with only 90 to 99% removyals being observed at comparatively higher UY
doses. This sounds promising, but UV systems are less effective in the presence of greater solid
matter, a common problem with wastewater, suggesting the technology may be less effective or
unreliable for reducing ARGs and AR bacteria in WWI1P effluents,

Beyond UV and chlorination, tertiary options include ozonation, other advanced oxidation
processes (i.e., AOPs), nanofiltration and reverse osmosis for reducing bacterial and other loads.
Ozone is a strong oxidizing agent, which has shown promise in increasing bacteria and pathogen
destruction, which'in turn, can impactrmany AR bacteria and ARGS with adequate doses and
contact times [Luddeke 2015]. However, evidence suggests some strains can increase with
ozonation, including AR E. coli and Staphylococcus spp. Despite these issues, ozonation is being
promoted as a possible tertiary treatment option as it appears to be better than chlorination or
UV, although it is very costly.

Other tertiary mitigation options exist, including combining disinfectants and-or other
technologies, such as microfiltration, ultrafiltration, nanofiltration and reverse osmosis. Of these
options, membrane-based technologies seem most effective at reducing ARGs and AR bacteria.
Such technologies can be used in tertiary wastewater treatment or possibly in water reuse, and
can be effective against an array of bacteria. However, specific log-reduction data are rather
limited for AR bacteria and ARGs, except with MBRs. Further, membrane-based mitigation
technologies tend to be more expensive and would be limited to only well-resourced

applications.
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5. Pre-treatment at source prior to entering the sewer system — Some wastewater sources to
sewers can have higher AR gene and-or bacteria abundances, or release AR bacteria that more
susceptible to horizontal gene transfer. There also are sources that may have particularly high
levels of biocides, heavy metals and other agents that can promote co-resistance. Although it is
not currently practiced for AR, targeted treatment at source may be a valuable strategy for
reducing the AR burden on existing co